Abstract-Many modern radio applications, such as astronomy and remote sensing, require high-precision polarimetry. These applications put exacting demands on radio polarimeters (antenna systems that can measure the state of polarization of radio sources), and in order to assess their polarimetric performance, a figure of merit (FoM) would be desirable. Unfortunately, we find that the parameter commonly used for this purpose, the cross-polarization ratio, is not suitable as a polarimetry FoM unless it is given in an appropriate coordinate system. This is because although the cross-polarization ratio is relevant for raw, uncalibrated polarimetry, in general it is not relevant to the quality of the polarimetry after polarimetric calibration. However, a cross-polarization ratio can be constructed from invariants of the Jones matrix (the matrix that describes the polarimetric response of a polarimeter) that quantifies polarimetric performance even after calibration. We call this cross-polarization ratio the intrinsic cross-polarization ratio (IXR) and conclude that it is a fundamental FoM for polarimeters. We then extend the IXR concept from the Jones calculus to the Mueller calculus and also to interferometers, and we give numerical examples of these parameters applied to the Parkes radio telescope, the Westerbork synthesis radio telescope, and the Effelsberg telescope.
I. INTRODUCTION

P
RECISION polarimetry is now an integral part of modern radio science. Indeed, many of the key scientific objectives for existing and future radio telescopes rely on highly accurate measurements of the full state-of-polarization of celestial signals. This in turn places tough polarimetric requirements on radio polarimeters and their design. Usually these polarimetric requirements are specified in terms of the cross-polarization ratio of the polarimeter, which is often taken as a figure of merit (FoM) of the polarimeter.
Cross-polarization ratio is an IEEE standard definition [1] primarily used to characterize polarization diverse communication links. The cross-polarization ratio is, loosely speaking, the ratio of the desired copolarized power to the undesired cross-polarized power. Since radio polarimeters are often based on dual-polarized antennas systems, this definition of cross-polarization ratio naturally extends to polarimeters. There are many pos-sible reasons for a polarimeter to exhibit cross-polarization including for example nonorthogonal antennas, electronic leakage between channels, and mutual-coupling between antennas.
However, although the cross-polarization ratio is a useful parameter, it is our view that, without additional constraints, it is not suitable as an FoM of a polarimeter for the following reasons. First, cross-polarization ratio varies with the choice of coordinates so, without a prescription for choosing an alignment (i.e. choice of coordinates), two identical polarimeters could have two different cross-polarization ratios depending on their orientation with respect to the chosen coordinate system. Second, the cross-polarization ratio is not generally relevant in a fully calibrated polarimeter because, if properly calibrated, most of the cross-polarization can be removed from the final polarimetry.
This second point raises a fundamental question posed by, for instance, Thiel [2] : Is the performance of a polarimeter ultimately arbitrary, in the sense that systematic errors can be eliminated numerically with a full calibration? Thiel [2] gives good reasons why the answer to this question should be negative, but no concise parameter for assessing a polarimeter's performance is provided.
In this paper, we introduce a parameter that we call the polarimeter intrinsic cross-polarization ratio (IXR) and that addresses these two points. It is a cross-polarization ratio defined independently of coordinate systems, and it has a direct influence on the total relative error in the polarimetry even after a full calibration. Thus, the IXR is well suited as a fundamental polarimeter FoM.
II. FUNDAMENTALS OF RADIO POLARIMETRY
By definition, a polarimeter is an instrument which measures some aspect of the polarization of electromagnetic radiation.
However, in what follows we will consider only polarimeters that are capable of measuring the full state of polarization of the radiation, at least for some incidence direction. The full state of polarization can be stated in terms of the two, complex-valued, transverse components of the electric field comprising the Jones vector, or in terms of four real-valued Stokes parameters. We will refer to a polarimeter that measures the former as a Jones polarimeter, and the latter as a Stokes polarimeter.
One of the most common instruments used as a Jones polarimeter in radio, and the only type will we consider in this paper, is the dual-polarized antenna with coherent receivers [3] . Such a polarimeter can be modelled by a matrix relationship between the true Jones vector at the input of the polarimeter, , and the measured Jones vector at the output of the polarimeter, , i.e.,
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Here, is the response, or Jones, matrix of the polarimeter at angular frequency and along the direction of incidence given by the unit vector . Let be the direction of the polarimeters boresight, also known as the on-axis direction. For simplicity we will suppress the dependencies in the analysis below, and when an explicit Jones matrix is considered, it will be assumed (with no loss of generality) that the argument is and the argument is the center frequency of the polarimeter's receiver.
In the basic polarimeter response relation, (1), the complex components of are assumed to be given with respect to an orthonormal basis which can depend on , and which will referred to as the local sky basis along . For the special case it will be denoted . For example, for a real Cartesian basis, we write the components of the Jones vector as w.r.t where . The local sky basis could be the coordinate system used for observations, e.g., the spherical altitude-azimuth coordinate system used in astronomy (or horizontal-vertical in remote sensing), or one of the coordinate systems based on Ludwig's definitions in [4] , which are used for measuring cross-polarization in antennas.
The measured Jones vector, in (1) , is also a two-dimensional complex vector. Its components are associated with the two polarimeter channels, denoted and , and we write w.r.t.
where
, which we will call the channel basis . Unless mentioned otherwise, polarimetry is performed with , i.e., the same coordinate system is used for both the sky components and the channels. There is, however, no fundamental reason stopping one from using different basis sets on the different domains, and this flexibility will be exploited in what follows.
In (1) the Jones matrix maps vectors with respect to to vectors with respect to , so we write its components as Naturally, the Jones matrix components depend on both bases, and . The fundamental problem of Jones polarimetry is to estimate the true Jones vector, , from the measured Jones vector, , and the basic solution is to measure the polarimeter's Jones matrix and then invert (1) . That is, given and , the fundamental solution of Jones polarimetry is (2) This solution can be viewed as an expression for the full polarimetric calibration of the Jones polarimeter. We are assuming that there exists a unique solution to (2) since we only consider full Jones polarimeters, which by our definition will have an invertible Jones matrices at least for some direction, for instance. If such a calibration is not performed and one uses as an estimate of , then it is called a raw (polarization) estimate.
Although the solution given by (2) is in principle exact, this assumes that and are known exactly. In reality noise corrupts the polarimetry so and are only known with limited precision, and this in turn limits the precision with which we can determine . The precision that can be obtained in practice is well known from matrix theory, and depends in part on the condition number of , which is defined as where is some matrix norm [5] . For the spectral norm, or 2-norm, the condition number of is (3) where and are the largest and smallest singular values of , respectively. Although other norms could be adopted, we will only consider the spectral norm since, as we shall see, it is related to a cross-polarization ratio that will be discussed in a subsequent section.
Thus we can expect that if a polarimeter's Jones matrix is well conditioned, a full polarimetric calibration according to the fundamental solution (2) will produce more accurate results than a less well-conditioned Jones matrix, assuming the noise is the same in both cases. It is therefore reasonable to consider the condition number of the Jones matrix as an FoM for a polarimeter. Although this measure is not used in radio astronomy, it is used in optics [6] . However in practice, the radio astronomical polarimetry community uses the polarimeter's cross-polarization ratio. Fortunately, as we will show, it is possible to define a particular cross-polarization ratio that is directly and monotonically related to the condition number, and can therefore be used as an natural alternative to the condition number as a polarimeter FoM.
To be clear, when we speak of a polarimeter's FoM in this paper, we will mean the quality of the polarimetry that can be achieved by the polarimeter in some direction , and in particular . Therefore, we will not present an FoM that considers the polarimeters field of view as a whole, but rather as a function over the field of view. In other words, we will here only consider a direction-dependent FoM. This is to simplify the presentation of the fundamental parameters that influence polarimetry, and in a future work we will discuss how an aggregate FoM can be constructed from the directional FoM.
III. DEFINITIONS OF CROSS-POLARIZATION
The concept of cross-polarization is widely used in the analysis of polarimeter performance as is evident from the large number synonymous terms used to refer to it, including feed leakage, polarization purity, -terms, instrumental polarization, cross-coupling, mutual-coupling, channel cross-talk, cross-polarization isolation, cross-polarization discrimination, and so on [7] - [10] . All these terms are associated with the situation in which a fraction of one polarimetric component is added to the other component, and without compensation this will lead to erroneous polarimetry. This long list of similar terms should convince the reader that there is a need for standardizing and consolidating this concept, which we will simply call cross-polarization. Having said that, the last two concepts in the list (cross-polarization isolation and cross-polarization discrimination) are part of radio engineering standards [1] and do have clear definitions.
The IEEE standard defines four types of cross-polarization ratios: two cross-polarization isolations (XPIs), and two cross-polarization discriminations (XPDs). The two XPIs are the ratios with reference to the two channels and , and they are defined as (4) (5) that is, they are the desired power in the respective channel divided by the undesired power in the respective channel. The XPDs are the analogous ratios but with respect to the sky components and , and are thus (6) (7) that is, they are the power of the desired sky component divided by the power of the undesired sky component. A good discussion of these parameters, in the context of radio communication links, is given in [3] . These parameters will be referred to generically as cross-polarization ratios (XPRs). They are all power ratios and are usually given in (positive 1 ) decibels, which is computed by taking 10 times of the XPR. It is important to know that the IEEE standard does not define the coordinate system that needs to be set up to measure the XPRs. This is because the IEEE standard is mainly intended for communication links, 2 and so the copolarized and cross-polarized components are uniquely given with respect to a known transmitter. In this context, XPRs make perfect sense: The ratios in this context tells the engineer how much unwanted leakage there is between the two channels of communication. In astronomical polarimetry, however, the situation is different. First, there is no natural choice of sky components since there are no given transmission channels in the sky and Ludwig's third definition is antenna-centric rather than astronomical sourcecentric. Second, in astronomy, one can polarimetrically calibrate the data during post-processing, thus effectively removing any effects of cross-polarization in the polarimeter and thereby making XPR potentially meaningless.
In an attempt to address the first point, one could always stipulate some sky coordinates that are approximately aligned, in some way, with the physical orientation of the two antenna elements. However intuitive this may seem to be, in practice there lacks a precise and agreed definition of what such an "approximate alignment" actually is. The problem becomes even more clear if we include antennas that are not strictly linear, such as circular feeds, or if one considers polarimetry well off-axis x is assumed to be exactly along antenna p, while antenna q is approximately along y. The primed system, x y , is tilted 45 to the unprimed system, and its antenna channels p ; q are the sum and difference of the antenna outputs and can be seen as virtual antennas (dashed lines).
where there is little geometric similarity between the antennas and coordinates on the sky.
As an illustration of the XPR's coordinate system dependence and the approximate alignment problem, let us consider the following example. For simplicity, consider two linear dipoles with unity gain that are almost, but not exactly, orthogonal, as shown in Fig. 1 . One possible alignment is to choose one of the coordinates to be along one of the dipoles, say along the channel. The Jones matrix for this approximate alignment is (8) where is a number much less than unity. Here we assume that the alignment along the -axis is exact, although in practice this can only be done approximately.
However, another possible strategy for aligning the dual-polarized antenna in Fig. 1 is to accept that the individual dipoles may not be mutually orthogonal and set up a coordinate system that is in between both of them. Specifically, we rotate the -coordinate system by 45 to obtain new coordinates and on the sky, and then add and subtract the and channels (and scale by ) to obtain the new channels and . This amounts to matrix multiplying the Jones matrix above by (9) from the right and by (where superscript T means matrix transpose) from the left. This type of alignment is often used in practice in communication links to increase the orthogonality between the two channels (indeed, in this case, the virtual antennas are orthogonal), and so it is not just a contrived example. For another example of the 45 alignment, see [11] .
If we now set , e.g., then in the unprimed system dB and dB, while for the primed system dB and dB. Thus, the XPRs are very different in these two cases even though the polarimeter is the same. Furthermore, there seems to be no way of saying which alignment ought to be used, even though the XPRs in the primed system are better. This example shows that polarimeter alignment, here by which we mean the setting up of coordinate systems for the sky and the channels associated with the polarimetry, is not obvious a priori.
Of course one could argue that there is no need for an "approximate" alignment and that it is sufficient to have a standard reference system and measure the XPR with respect to it. One could take, for instance, the standard reference system known as Ludwig's third definition [4] , which is often used for cross-polarization measurements. However, our contention is that Ludwig's third definition is useful in communications links or for measuring the co-and cross-polarization of a single antenna, but it is not directly relevant to the performance of a dual-polarized antenna polarimeter. In this latter context, XPR with respect to a standard coordinate system is a measure of the error in the raw polarimetry, but not a measure of the ultimate error in the fully calibrated polarimetry. Furthermore, Ludwig's third definition is for linearly polarized antennas, and it is not clear how to use it to determine the XPR for elliptically polarized antennas.
An XPR defined with respect to a standard reference, in general, cannot be a proper FoM of a polarimeter since the polarimeter may not be aligned with the reference system but could still be an ideal polarimeter. Similarly, two identical polarimeters could be rotated relative to the other by an arbitrary amount with the result that their Jones matrices with respect to the standard reference system will be different and so have different XPR values. Clearly, we should demand that two identical polarimeters have identical polarimetric FoMs regardless of orientation. Thus, XPRs with respect to a standard reference system cannot be proper FoMs.
One may ask why XPR is sometimes used as a polarimeter FoM. The reason is, again, that XPR with respect to a standard reference is relevant to the error in the raw polarimetry. However, it has little relevance to the errors in polarimetrically calibrated polarimetry that can be achieved with a polarimeter. Fortunately, every polarimeter has a particular XPR (i.e., the XPR in a particular coordinate system that is not usually identical to the standard reference system) that is relevant to the polarimetric errors even after polarimetric calibration. This particular XPR will now be presented.
IV. INTRINSIC CROSS-POLARIZATION RATIO (IXR) OF JONES POLARIMETERS
If one wishes to use XPR as an FoM for polarimeters, as we discussed in the previous section, it should be independent of the a priori choice of coordinate systems. We introduce such an invariant XPR, which we call the polarimeter's instrinsic crosspolarization ratio (IXR), defined as (10) where and are the maximum and minimum amplitude-gains of the polarimeter. The key feature of this definition is that it is only a function of and , which are invariants of the Jones matrix, and although there are many possible functions that one could construct out of the matrix invariants of the Jones matrix, IXR is unique in that it can be interpreted as a proper XPR of the Jones matrix in a particular a posteriori choice of coordinate systems.
We will now show that IXR is indeed an XPR and explain what and are. Say that for some polarimeter we are given a Jones matrix, , with respect to channel basis and the local-sky basis in some direction . Then, it is always possible to choose another channel basis and another local-sky basis along in which this Jones matrix takes the form (11) This can be proved using the singular value decomposition (SVD) theorem, which says that any matrix can be unitarily decomposed according to (12) where are unitary matrices and are the largest and smallest singular values, respectively. If we rotate the diagonal matrix of singular values through 45 we find that (13) where we have defined the maximum and minimum amplitudegains to be (14) respectively, and we have identified the matrix in (11) . The singular values are the positive square root of the maximum and minimum values of . In other words, we have shown that one can always find two orthonormal coordinate transformations for which the Jones matrix, , takes the form (15) where is the mean amplitude-gain, and (16) is an invariant leakage term, and the maximum and minimum amplitude-gains are the respective singular values of the Jones matrix. From the above, it is clear that is obtained by the unitary transformation with respect to , and is obtained by the unitary transformation with respect to . This polarimeter alignment is unique since all four of the IEEE XPRs of the Jones matrix in (15) are equal to each other and to the IXR (17) where we have used the identity . By calling it "intrinsic," we highlight the fact that this particular XPR is independent of the choice of coordinate systems, the original bases and are not relevant to the value of IXR. Thus, two identical polarimeters rotated with respect to each other will have the same IXR. Furthermore, IXR is independent of the polarization of the feed antennas and how the (possibly weighted) channels are connected to the antennas since these aspects are factored out into unitary transformations and , respectively.
We see that (15) is the canonical model for polarimeter leakage [12] . 3 Any Jones polarimeter can be put into this form by choosing the coordinate systems detailed above. This choice can described in words as the alignment that bisects the SVD alignment, i.e., the coordinate system rotated 45 from the coordinate systems in which the Jones matrix is diagonal in its singular values.
Having defined an invariant XPR, the IXR, we will now show that it relates directly to the quality of the polarimetry. This comes from the fact that IXR is closely related to the (spectral) condition number , defined in (3), of the polarimeter's Jones matrix, which is a crucial parameter in the full calibration of the polarimeter as discussed in the previous section. The explicit relationship is (18) which we obtain by using the definition (10), dividing the numerator and denominator by , and remembering (14) and (3). The relationship in (18) is monotonic, so the greater the condition number, the smaller the IXR. The IXR is a positive number never less than 1, . Ideal conditioning corresponds to , or no intrinsic cross-polarization in the polarimeter, and maximum ill-conditioning, , corresponds to or maximum intrinsic cross-polarization in the polarimeter.
The relevance of IXR to Jones polarimetry can be made even more explicit. Assuming that the radio polarimeter is well designed, so , and well calibrated, so , then after a full calibration, the relative error in the estimated Jones vector, , can be shown to be (19) where is the total relative error in the calibration of the polarimeter's Jones matrix , and is the total relative error in the measured Jones vector [5] . This expression gives an upper bound on the polarimetric errors. It reveals that the Jones polarimetry is naturally affected by the errors in the measurement of the Jones matrix and the direct (raw) measurements of the Jones vector, but in particular these errors are amplified by the IXR. While the first two parameters can be improved by a better determination of the Jones matrix and minimizing instrumental noise, the IXR can only be improved by a better design of the polarimetric aspects of the polarimeter (better channel isolation, and better channel symmetry, for instance).
By contrast, the two XPIs or the two XPDs do not directly influence the total relative error. Indeed it can be shown that one can have "bad" XPI values but still have good total relative error, and vice versa. For an example of this in practice, see Section VII-A.
It is for this reason that IXR should be regarded as a fundamental polarimeter FoM rather than generic XPI or XPD.
Note that it is not necessary to explicitly determine and , the coordinate systems with respect to which the IXR is given, in order to determine IXR. The IXR can be directly determined from a given by computing its singular values and then using (10) while remembering (14) . It is also important to note that IXR is only an XPR in the context of a dual-polarized antenna; it is not intended as an XPR for a single polarized antenna.
V. INTRINSIC CROSS-POLARIZATION RATIO OF STOKES POLARIMETERS
In the previous section, we considered the polarimeter in the Jones formalism. In practice, many situations require the polarimetric state of a source to be expressed in terms of Stokes parameters, so we should also consider the previous discussion in terms of the Stokes polarimeter.
While the IXR, which we introduced in the previous section, relates to a Jones matrix, the analogous quantity for a Stokes polarimeter is the Mueller matrix. If a polarimeter can be described by a Jones matrix , then its corresponding Mueller matrix can be found through the formula (20) where is the Kronecker product and see, e.g., [12] . The Mueller matrix is a real 4 4 matrix with components for . It is important to remember that the Mueller matrix given in (20) applies to a special type of polarimeter, namely those that are fully described by their Jones matrices. Such polarimeters are known as nondepolarizing polarimeters since they do not depolarize the measured radiation. Despite this being a special case, many radio polarimeters at low frequencies are approximately nondepolarizing, and in what follows, we will assume that the polarimeter is nondepolarizing except at the very end of this section.
Unfortunately, the concept of cross-polarization in the Jones calculus does not carry over to Mueller calculus in a clear, unambiguous way, so it is not immediately obvious how to extend IXR to Stokes polarimeters. This is simply because, in the Mueller calculus, there is no such thing as copolarized and cross-polarized channels in the strict sense. If, on the other hand, we consider cross-polarization less strictly as a leakage of signal between polarization components, then most important example of this in the Mueller calculus is leakage of unpolarized power into polarized power, sometimes called instrumental polarization. In fact, this generalization is not just conceptual-it can be shown that the IXR of a Jones matrix indeed shows up as instrumental polarization in a Stokes polarimeter. Specifically, if we define instrumental polarization leakage as (21) then it can be shown that (22) where is, as before, the intrinsic cross-polarization leakage in the corresponding Jones matrix. Since is coordinate-independent, it is clear from (22) that is also coordinate-independent. We should point out that instrumental polarization leakage as defined in (21) is similar to what is known as diattenuation in optics [13] .
This discussion leads us to introduce a generalised cross-polarization ratio for the Mueller calculus, denoted , that is the reciprocal of the instrumental polarization leakage, (23) which we will call the Stokes (or Mueller) polarimeter intrinsic cross-polarization ratio . Note that is not squared here, compared to the corresponding equation for JonesIXR, because the Stokes parameters are already in units of power.
Like IXR, the is also related to a matrix condition number, namely, the condition of the Mueller matrix, which from (20) This definition can be seen as analogous to (18) . From (24), one can show that the relationship between and IXR is (25)
Although in the above we considered nondepolarizing polarimeters, the definition (24) can still be used for more general Stokes polarimeters. The only difference is that the Mueller matrix in (24) will then have a more general form, and so does not relate back to an intrinsic Jones leakage term . As a consequence, (25) is not valid for depolarizing polarimeters.
Finally, as in the case of the Jones formalism, we want to show how the influences polarimetry. In the Mueller, case we are dealing with Stokes polarimetry, and so we define the total error of the Stokes vector to be
The total relative error in the Stokes vector can then be shown to be (27) where is the directly measured (raw, uncalibrated) Stokes vector, and we are assuming that . Thus, is a crucial parameter in determining the upper bounds on the errors of the Stokes polarimetry. For this reason, the can be interpreted as a fundamental FoM for Stokes polarimetry.
VI. INTERFEROMETRIC POLARIMETERS
Having developed IXRs for Jones-and Mueller-based radio polarimeters, our final concern is with interferometric polarimeters. There are many different types of radio interferometers, but we will only examine interferometers comprising a combination of at least two Jones polarimeters. Although we have already considered Jones polarimeters, the model for the interferometer response is sufficiently different to warrant special attention.
A radio interferometer can be modeled in terms of coherence matrices. For our proposes, we only need to consider the simplest case: a single partially polarized point source in the direction with a brightness coherence matrix measured by a two-element interferometer consisting of dual-polarized antennas. Say the two elements, A and B, have (approximately) known Jones matrices, and , and that the interferometer output is the visibility coherence matrix . The response of the interferometer is called the (paraxial) measurement equation of radio interferometry [14] , and in this case it is simply The important point here is that even if and are very good estimates, the estimate of the brightness matrix, (29), can still be poor if or are ill-conditioned. This is because in practice there is noise in all the measurements, and ill-conditioning in the Jones matrices acts as noise amplification. In the worst-case scenario, one or both of the Jones matrices are singular (with infinite condition number), so (29) is not valid and a full solution is not possible. Thus, (29) again suggests that the condition number of the Jones polarimeter elements that make up the interferometer relates to the accuracy of the brightness estimates. In other words, the IXR of the individual Jones matrices of an interferometer can be used to assess the total polarimetry of the interferometer.
The set of condition numbers of each of the interferometer element's Jones matrices gives general FoMs of the interferometer, but a more direct assessment of the interferometer as a whole can be found if we express the measurement equation in terms of Stokes vectors. This involves converting the polarimetric response from a coherence formalism to a Mueller-like formalism. The Mueller-like matrix that corresponds to the interferometer in (28) is (30) where we have put the phase reference center along source direction, . However, is, strictly speaking, not a Mueller matrix since it is in general complex and not necessarily real. So how are we to define an intrinsic cross-polarization ratio for interferometers? Well, we can use a definition analogous to that for the ordinary Mueller matrix, (31), but we apply it to interferometer Mueller matrices such as . The interpretation is similar since the singular values are defined even though is complex. However, we recommend distinguishing between the two, and so we call it the interferometric polarimeter intrinsic cross-polarization ratio . Thus, we define (31) for baseline . As with the IXR for Jones polarimeters and for Mueller polarimeters, we interpret as a fundamental FoM for an interferometer baseline's polarimetry.
VII. EXAMPLES
In this section, we compute the IXR for a range of radio polarimeters: for Jones polarimeters we give IXR values, for Mueller polarimeters we give , and for interferometers we give
. The results we present should in no sense be seen as an authoritative assessment of the performance of the respective polarimeters, but rather as illustrations of how the polarimetric parameters can be used and the sort of values these parameters may typically attain. For this reason, we refrain from passing judgments on the individual instruments and only mention that in general (barring all caveats) the higher the values of IXR, the better the polarimeter, according to the assertions made in this paper.
For other examples of the use of IXR, see [15] , which uses it for assessing the polarimetry of phased array feeds. Also see [16] , which uses the orthogonality of the effective antenna vectors as a measure for assessing the polarimetry from a dense array; it can be shown that the IXR includes this orthogonality measure, but in addition includes, for polarimetry detrimental, the difference in gain between the two channels. For instance, a polarimeter could have almost perfect orthogonality, but if the gains on one of the channels goes to zero, then reconstructing the full polarized signal will become impossible.
A. XPRs of the Parkes Telescope
In the paper [17] , van Straten determined the Jones matrix for the Parkes telescope over a range of frequencies. Based on Jones matrices similar to these, we compute the XPRs for the Parkes polarimeter. Fig. 2 shows the two XPI values and the two XPD values for the Jones matrix over the frequency range. In addition, it shows the corresponding IXR values. What we can see is that the standard four XPR values range between 15-20 dB, while the IXR is much larger especially at higher frequencies. It is perfectly reasonable to compare IXR to the XPIs and the XPDs since they are all XPRs. The difference is that the XPI and XPD values are, strictly speaking, meaningless without reference to the coordinate system used, while for the IXR, the coordinate systems used are completely irrelevant. Fig. 2 . Various XPRs of the Parkes telescope at various frequencies: the two XPI ratios, the two XPD ratios, and the IXR. Note that for the XPIs and the XPDs, one really needs to know the coordinate system with which these were measured for them to be meaningful, while they are irrelevant for IXR coordinate systems.
The high values of IXR indicate that this polarimeter is actually much better 4 than one would expect based on the XPI and XPD values. The main reason for this is that the Jones matrices indicates that the antennas have a 10% degree of ellipticity, but are otherwise close to orthogonal and well balanced in terms of gains. This manifests itself as Jones matrices that are close to a unitary matrix rather that the identity matrix, and this explains why the XPIs and XPDs are all of the same value. However, changing to the slightly elliptical coordinate system consistent with this unitary matrix would greatly reduce the XPIs and XPDs value toward the IXR value. In other words, a unitary factor of the Jones matrix is masking the true potential of this polarimeter.
This example illustrates that one should be wary of XPI and XPD as an FoM. In this case, they were indicative of the ellipticity in the antennas, not their orthogonality. We can, in their place, use IXR since it is independent of feed polarization due to its coordinate independence.
B. Effelsberg Telescope as a Stokes Polarimeter
Xilouris presented a Mueller matrix for the Effelsberg telescope in [18] . Analysis of this Mueller matrix reveals this polarimeter is depolarizing. This means that it cannot be fully described by a Jones matrix, and so therefore we cannot use the Jones IXR. However, we can use the definition for the case of a general Mueller matrix, (31). According to this definition, we find that the Effelsberg telescope has dB. This corresponds to an instrumental polarization leakage, , of 10.7%.
C. Interferometric IXR of the WSRT
We analyzed estimates of the Jones matrices for each of the 14 dual-polarized feeds of the Westerbork synthesis radio tele- Fig. 3 . IXR values of the WSRT at frequency 346 MHz. The IXR of the individual polarimeters are given in decibels as a function of the telescope number, 1-14, while the IXR of the interferometer as a whole is given as the telescope number marked "Int." scope (WSRT) over a band of frequencies based on a dataset similar to that used in [19] . For one of the frequency channels, centered on 346.0 MHz, we computed the of each the individual polarimeters and the of all 14 taken together as an interferometer.
The value for each of the 14 dishes is plotted in Fig. 3 , along with the of the interferometer as a whole based on (30). We see that the is here approximately an average of the individual values. Thus, in this case, the whole is not much better than its parts in terms of polarimetry. This may suggest that the Jones matrices for the individual telescopes cannot be modeled as random deviates from a ideal Jones matrix, but rather as random deviations from a nonideal Jones matrix.
VIII. CONCLUSION
We have found that neither the two XPIs nor the two XPDs of a polarimeter are generally relevant to the polarimetry that can be obtained with polarimeter after full polarimetric calibration. However, for a particular alignment of the polarimeter, the XPDs and XPIs are all equal to the same value, and this value does determine the total relative error in polarimetry even after polarimetric calibration. We have called the cross-polarization ratio in this special alignment the intrinsic cross-polarization ratio (IXR) of the polarimeter; see (10) . The IXR is easily computed from the singular values of the relevant Jones matrix. Finally, we have found that IXR can be used as a fundamental figure of merit for polarimeters in place of generic XPIs or XPDs.
